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57 ABSTRACT

A semiconductor layer consisting of Ga;_ In N As,_ and/
or GaN, As,_, and formed by incorporating nitrogen 1nto a
ogroup III-V mixed crystal semiconductor 1s provided on a

GaAs substrate. The hydrogen concentration in the semi-
conductor is kept at 5x10™® atoms/cm” or below.

8 Claims, 14 Drawing Sheets
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METHOD OF CRYSTAL GROWTH OF
COMPOUND SEMICONDUCTOR,
COMPOUND SEMICONDUCTOR DEVICE
AND METHOD OF MANUFACTURING THE
DEVICE

BACKGROUND OF THE INVENTION

1. Field of the Invention

The present invention relates to a method of crystal
ogrowth of a compound semiconductor, and more specifically
to a method of crystal growth of a GalnNAs-type compound
semiconductor by a vapor phase growth method. The inven-
tfion also relates to a compound semiconductor device hav-
ing as a part of the device a Ga,;_ In N As,_ or GaN As,_,
crystal thin film. The mvention further relates to a method of
manufacturing such a compound semiconductor device.

2. Description of the Background Art

First of all, the background art relating to the compound
semiconductor device using GalnNAs will be described.

As mentioned earlier, 1n recent years, a group III-V mixed
crystal semiconductor containing nitrogen as a group V
element has received much attention as a novel semicon-
ductor material. With this material, through appropriate
selection of the concentrations of nitrogen and component
clements, epitaxial growth without misfit dislocation on a Si,
GaAs, InP, or GaP substrate 1s possible.

For instance, Document 1 (Japanese Patent Laying-Open
No. 6-334168) describes an example in which a group III-V
mixed crystal semiconductor i1s epitaxially grown on a Si
substrate to produce an Si1 electronic device or the like
having a monolithic structure. In addition, Document 2
(Japanese Patent Laying-Open No. 6-37355) describes the
examples 1n which GalnNAs, AlGalNAs, or GaNAs 1s epi-
taxially grown on a GaAs, InP, or GaP substrate. Document
3 (Japanese Patent Laying-Open No0.9-283857) describes an
example 1n which a GalnNAs thin film crystal 1s epitaxially
orown on a GaAs substrate to form a semiconductor laser.

The following 1s the possible advantages of forming an
optical device or an electronic device using a group III-V
mixed crystal semiconductor containing nitrogen on the
GaAs substrate, for example, Ga,_.In. N As; or
GaN,As,_,. Conventionally, most of the mixed crystal
semiconductors, the examples of which include AlGaAs,
GalnP and such, that are lattice matched to the GaAs
substrate have a band gap larger than that of GaAs. Here, the
new materials, Ga,_ In N As, and GaN As,_, have the

—X X —y?

advantage of making the band gap smaller than that of
GaAs.

In addition, the band gap may be advantageously altered
continuously by changing the In composition x and the
nitrogen concentration y for Ga;_In. N As, = and the
nitrogen concentration for GaN, As,_ . When this material 1s
combined with other materials to form a multi-layer
structure, an optical device having a light-emitting wave-
length longer than that of GaAs can be produced, which has
hitherto been 1mpossible. For instance, by using Ga,__In_
N, As,_, or GaN As,_ for the active layer, it 1s possible to
produce a semiconductor laser which lases at 1.3 um or 1.55
um used 1n optical fiber communications. A light-receiving

diode for detecting the infrared light can also be produced.

FIGS. 1A and 1B show the example (a) of a semicon-

ductor laser and the example (b) of a photo diode using
Gag 5<Ing ;sNg osAS, o5. For the semiconductor laser, the
above composition allows the lasing operation at 1.3 um
utilized for optical communications using optical fibers.

10

15

20

25

30

35

40

45

50

55

60

65

2

Ga, 5sIn, <Nj 0sAS, o< 1S used for an active layer. When
Ga, 4sIng <N sASy o5 18 used to form the p-1-n structure
consisting of stacked layers of p-type having a high carrier
concentration, of n-type having a low carrier concentration,
and of n-type having a high carrier concentration, the
light-receiving diode can detect inirared light of up to 1.3
Hm.

Until now, these laser diodes and photo diodes have been
formed on InP substrates. In the laser diode, InGaAsP has
been used for the active layer. The InP substrate, however,
1s 1nferior to the GaAs substrate both in the aspects of
mass-productivity and cost. The lasers formed on such
substrates are also inferior with regard to theirr mass-
productivity and cost.

Although GaN As,_ does not lattice match to GaAs, the

diode structure can be formed without the development of a
crystal defect such as misfit dislocation by keeping the
thickness sufficiently thin when GaN, As,_, is used for the
active layer of a laser diode. Similarly, although musfit
dislocation may occur when using Ga,_ In N As,_  if the
selection of the x to y composition ratio 1s inappropriate, the
development of a crystal defect can be prevented by keeping

the thickness sufficiently thin.

Next, the background art relating to the method of crystal
orowth of a compound semiconductor will be described. In
order to grow a crystal of a group III-V compound semi-
conductor by a vapor phase growth method, a group III
source material supplying a group Il element and a group V
source material supplying a group V element are used.

When growing a crystal of a group III-V compound
semiconductor such as a ternary GaNAs-type compound
semiconductor, a nitrogen-containing group V source mate-
rial supplying N and an arsenic-containing group V source
material supplying As are used together as the group V
source material. Conventionally, nitrogen (N,) gas or, as
disclosed in a Document 4 (Journal of Crystal Growth 145
(1994), pp. 99-103), a nitrogen source produced by ammo-
nia (NH,) activated by RF plasma is used as the nitrogen-
containing group V source material. Moreover, arsine
(AsH,) is generally used as the arsenic-containing group V
source material.

The use of dimethylhydrazine (DMHy) as the nitrogen-
containing group V source material in place of ammonia 1s
proposed in Document 5 (Appl. Phys. Lett. 70 (21), May 26,
1997, pp.2861-2863). Since dimethylhydrazine has a
decomposition efficiency higher than that of ammonia, nitro-
gen atoms can be effectively incorporated into the crystal
when forming a nitride mixed crystal semiconductor. In
addition, Document 5 also proposes the use of tertiary-
butylarsine (TBAs) in place of arsine as the arsenic-
containing group V source material. Since tertiarybutylars-
ine has a higher decomposition efficiency than arsine, the
consumption of the arsenic-containing group V source mate-
rial may be advantageously reduced.

Moreover, a method of growing the crystal of a quaternary
GalnNAs-type compound semiconductor as another
example of a group III-V compound semiconductor 1is
disclosed in Document 3 (Japanese Patent Laying-Open No.
9-283857). According to Document 3, an organic nitrogen
compound such as dimethylhydrazine 1s used as the
nitrogen-containing group V source material, and arsine 1s
used as the arsenic-containing group V source material.

Now, when arsine 1s used as the arsenic-containing group
V source material, only 50% of the arsine decomposes at
600° C. Therefore, in order to obtain a high quality com-
pound semiconductor crystal, the crystal must be grown at



6,150,677

3

a high temperature as disclosed in Document 6 (Journal of
Crystal Growth 115 (1991), pp. 1-11) or the amount of
arsine supplied should be increased.

If, however, the growth temperature becomes higher
during the growth of a compound semiconductor crystal of
GalNAs-type, GalnNAs-type or the like, the incorporation of
N 1nto the crystal i1s suppressed. Thus, in order to prevent N
from desorbing from the crystal growing surface, the
amount of the nitrogen-containing group V source material
supplied must be increased.

In addition, when the amount of arsine 1S increased, there
1s a possibility of the crystalline characteristic being affected
by the reaction in the gas phase between the nitrogen-

containing group V source material and dimethylhydrazine
or the like.

Further, the amount of source gas supplied increases in
cither case 1n which the growth temperature 1s raised or 1n
which the amount of arsine supplied 1s increased, inducing,
the need to consider the problems of the exhaust gas
processing and environmental pollution.

Moreover, the 1nventors are particularly interested 1 a
quartenary GalnNAs-type compound semiconductor among
the compound semiconductor crystals. The GalnNAs-type
compound semiconductor crystal can be lattice matched to
a GaAs substrate. Therefore, a long-wavelength light-
emitting device can be produced by controlling the compo-
sition of each element of Ga, In, N, and As.

The growth of a quartenary GalnNAs-type compound
semiconductor crystal, however, mvolves a problem not
found 1n a ternary GaAsN-type compound semiconductor, as
will be described below.

Specifically, the inventors have found, as a result of the
numerous experiments performed with regard to the growth
of the GalnNAs-type compound semiconductor crystal, that
it becomes more difficult for N to be incorporated into the
crystal as the composition ratio of In in the crystal becomes
higher, as described in Document 7 (A. Moto et al.,
“Enhancement of Nitrogen Incorporation in GalnNAs
Grown by MOVPE Using Tertiary-butylarsine and
Dimethylhydrazine,” 25th International Symposium on
Compound Semiconductors, Oct. 13, 1998 (Nara)). A simi-
lar problem 1s perceived in relation to the ternary GalnN-
type compound semiconductor crystal which has the poten-
tial as a material for a blue laser device. In this latter case,
it 15 observed that In 1s less easily incorporated into the
crystal since the only group V element forming the crystal
1s N. This problem, however, 1s all together a different kind
of a problem from that of the N incorporation described
above.

As reported 1n Document 7, 1n order to incorporate N into
the crystal effectively even when the composition ratio of In
1s high 1n the growth of the quartenary GalnNAs-type
compound semiconductor crystal, there 1s a need either to
increase the supply ratio of the nitrogen-containing group V
source material to the arsenic-containing group V source
material or to lower the growth temperature of the crystal so
as to suppress the desorption of N from the crystal growing
surface.

The approach of increasing the supplied amount of the
nitrogen-containing group V source material or decreasing
the supplied amount of the arsenic-containing group V
source material can be considered 1n order to increase the
supply ratio of the nitrogen-containing group V source
material. From the cost and the environmental protection
viewpoint, decreasing the supplied amount of the arsenic-
containing group V source material 1s preferred. As
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described above, however, arsine used as the arsenic-
containing group V source material has a poor decomposi-
tion efficiency. Therefore, decrease 1in the amount of arsine

supplied may possibly lead to degradation i the crystal
characteristic.

On the other hand, lowering the growth temperature of the
crystal similarly retards decomposition of arsine, leading to

the degradation of the crystal characteristic.

The growth of this material has been effected by molecu-
lar beam epitaxy (MBE) using a gas source material or by
the organo-metallic chemical vapor deposition (OMCVD)
method. It has been found that the optical characteristic
deteriorates when the concentration of nitrogen 1s increased.

One method of determining the quality of the optical
characteristic mnvolves measuring the luminescence charac-
teristic (photoluminescence). Ga,_ In, N As, , and
GaN As,_, are generally evaluated by first directing a laser
beam generated by an argon laser and having a wavelength
of 514 nm 1nto the crystal and thereafter measuring the
intensity of luminescence emitted from the crystal.

The presence of defects or impurities in the crystal
obstructs luminescence, causing the weakening of the inten-
sity. Thus, by measuring the intensity, the quality of the
optical characteristic can be determined. Moreover, the
spread around the wavelength of luminescence (generally
referred to as the peak half-width) correlates with the quality
of the crystalline characteristic. A narrow peak half-width
indicates a favorable crystalline characteristic.

Table 1 shows the correlation (measured at room
temperature), as observed by the inventors, between the
nitrogen composition and the luminescence intensity of
GaN_As,_. not containing In and grown at 530° C. It is
appreciated from Table 1 that the luminescence intensity
rapidly weakens and the optical characteristic deteriorates as
the concentration of nitrogen increases. When the nitrogen
concentration 1s high, no luminescence 1s detected.

TABLE 1

Correlation between nitrogen composition and luminescence
intensity of GaNAs grown at 530 C. (measured at room temperature)

Nitrogen
Concentration (%)

Luminescence Intensity
(Arbitrary Unit)

0.09 19.2
0.15 11.2
0.34 3.28
0.51 0
2.73 0

Table 2 shows the correlation (measured at room
temperature) between the nitrogen composition y and the

luminescence intensity of Gag og5Ing 05N, As;_, grown at
530° C.

TABLE 2

Correlation between nitrogen composition and luminescence
intensity of GalnNAs grown at 530° C. (measured at room temperature)

[Luminescence Intensity
(Arbitrary Unit)

Nitrogen
Concentration (%)

0 GalnAs 20.3
3.5 GalnNAs 0

[n=0.1, N =0.035

It 1s apparent from Table 2 that luminescence similar to
that depicted above 1s detected 1n GalnNAs.
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Table 3 shows the correlation (measured at room
temperature) of the nitrogen composition and the specific
resistance of GaNAs grown at 530° C.

TABLE 3

Correlation between nitrogen composition and specific resistance of
GaNAs erown at 530° C. (measured at room temperature)

Nitrogen
Concentration (%) Specific Resistance (€cm)
0.09 0.52
0.15 1.83
0.34 08.8
0.51 (*)
2,73 (%)

(*) indicates that specific resistance is larger than 400 Q2cm, which cannot
be measured.

Table 4 shows the correlation (measured at room
temperature) between the nitrogen composition and the
specific resistance of GalnNAs grown at 530° C.

TABLE 4

Correlation between nitrogen composition and specific resistance of

GalnNAs grown at 530° C. (measured at room temperature)

Nitrogen Specific Resistance

Concentration (%) (Qcm)
0 GalnAs 8.88
3.5 GalnNAs (*)

[n=0.1, N =0.035
(*) indicates that specific resistance is larger than 400 Q2cm, which cannot
be measured.

As seen from Tables 3 and 4, the specific resistance of
GaN As,_ . and Ga,_In N As,_ increases as the concen-
fration of nitrogen increases, leading to the deterioration of
the electrical characteristic.

Thus, when a thin film crystal having poor optical and
clectrical characteristics 1s used as the light-emitting device
described above, the device undergoes a significant deterio-
ration 1n its performance characteristic and reliability. In the
case 1n which such a thin film crystal 1s used as a light-
receiving device, 1ts light-receiving sensitivity becomes so
low that weak light cannot be detected. In addition, in the
light-emitting device, the intensity of the emitted light
becomes weak. Further, particularly 1n a semiconductor
laser, continuous lasing operation becomes 1mpossible. In
both the cases of the light-emitting or light-receiving device
and the electrical device, the device may not electrically
operate 1f a layer having a high resistivity exists in the
multi-layer film.

As shown 1n the above Document 3, as described 1n the
above-mentioned growth method, when growing the Ga,_
«In, N As,_ _ thin film crystal, As atoms can easily be
desorbed from the surface of the thin film and the substrate.
Thus, the growth at a low temperature 1s required to prevent
the desorption. At such a low temperature, the desorption of
-arsenic can be prevented and at the same time, the nitrogen
source material more readily adsorbs to the crystal surface,
advantageously leading to a higher nitrogen concentration.
On the other hand, impurities also readily adsorb to the
surface, which leads to an increase 1n the 1mpurity concen-
tration within the crystal in proportion to the increase in the
nitrogen concentration.

In particular, in the organo-metallic chemical vapor depo-
sition (OMCVD) method, many of the organic source gases
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6

used contain gas molecules consisting of hydrogen atoms.
As a result, there 1s a problem of hydrogen being 1ncorpo-
rated 1nto the thin film crystal. The possible ways 1n which
the contamination of hydrogen occurs may include the
incorporation of the source gas itself, of the intermediate
product produced during the decomposition of the source
gas, or of the hydrogen atoms which have decomposed from
the source material into the thin film crystal. It 1s considered

that this hydrogen acts as an impurity to deteriorate the
optical and electrical characteristics. Although no reports
have been made with regard to hydrogen degrading the
above characteristics within Ga,_,In, N As,_ crystal or
GaN, As,_, crystal, there have been imstances 1 which such
degradation was observed with other group III-V compound
crystal semiconductors.

One reported example shows that hydrogen bonds with
the doping atoms 1n a GaAs crystal, neutralizing the positive
or negative charge of the doping atoms and becoming
electrically inactive (J. I. Pankove, N. M. Johnson: Hydro-
gen in Semiconductors, 1991, Academic Press, Inc.).
Moreover, another example 1s reported 1n which the optical
characteristic 1s degraded as a result of N atoms within a GaP
crystal binding with hydrogen (Jorg Weber, et al.: Mat. Res.
Soc. Symp. Proc. Vol. 104, pp. 325). The mechanism of
hydrogen atoms causing the degradation of the optical
characteristic 1s yet to be mvestigated.

SUMMARY OF THE INVENTION

Thus, one object of the present mnvention 1s to provide a
method which solves the above-described problems and
enables the stable growth and the mass-production of a
GalnNAs-type compound semiconductor crystal having an
excellent crystal characteristic.

Another object of the present mnvention 1s to provide a
compound semiconductor device, sufficient for practical
use, having a GalTxInx NyAS1_y_01'_ GaNyAs.l_.y crystal of high
optical and electrical characteristics containing only a small
amount of hydrogen impurity.

Still another object of the present invention 1s to provide
a manufacturing method which allows the production of an
optical device having favorable electrical and optical char-
acteristics by the heat treatment which breaks the nitrogen-
hydrogen bonds or by the heat treatment which decreases the
nitrogen concentration that permits the 1mprovement in the
quality of the crystal even with a large amount of hydrogen
impurity being present.

Yet another object of the present invention 1s to provide a
manufacturing method with which a desirable crystal is
produced and which solves the imherent problems of a
nitride crystal by heat treatment, even with a small amount
of hydrogen impurity being present.

Still further object of the present invention 1s to provide
a manufacturing method which, by performing heat treat-
ment directly after crystal growth, allows the mass-
production of the device and advantageously reduces the
time and energy mvolved in the crystal growth.

Aimed at achieving the above-described objects, the
method of crystal growth for a compound semiconductor
according to one aspect of the present mvention involves
orowling a crystal of a compound semiconductor represented
by Ga,_JIn. N As, = (0O<x<l, O<y<l) by a vapor phase
orowth method using group III source material and group V
source material, which 1s the combination of a nitrogen-
containing group V source material and an arsenic-
containing group V source material. The arsenic-containing
oroup V source material 1s an organic group V compound
oas.
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In the present specification, the term “organic group V
compound gas” refers specifically to the compound, among
the group V compound containing As, having an organic
ogroup such as the methyl-group or the ethyl-group.

According to the present invention, when effecting the
crystal growth for a GalnNAs-type compound
semiconductor, an organic group V compound gas having
superior decomposition efficiency 1s used as the arsenic-
containing group V source material. Thus, a crystal having
a good characteristic may be grown from a smaller amount
of supplied source material than in the conventional case in
which arsine 1s widely used.

Specific examples of the organic group V compound
gases include tertiary-butylarsine (TBAs) and trimethy-
larsenic (TMAs) among others. Tertiary-butylarsine and
trimethylarsenic are both liquid at room temperature, and are
normally stored in stainless steel (SUS) vessels. By bubbling
them with a so-called carrier gas such as hydrogen (H,) gas,
they can be conveyed as source gas used for the growth of
a semiconductor crystal.

In addition, according to the present invention, the
examples of nitrogen-containing group V source material
include monomethylhydrazine (MMHy) and dimethylhy-
drazine (DMHy) among others. Their excellent decomposi-
tion efficiency permits the growth of a crystal having a good
characteristic with a smaller amount of supplied source
material.

Moreover, according to the present invention, the molar
supply ratio of the arsenic-containing group V source mate-
rial to the group III source material, preferably, i1s
1<] arsenic-containing group V source materiall/|group III
source material]. If the molar supply ratio of the source
material represented by [arsenic-containing group V source
material /| group III source material] becomes less than or
equal to 1, the degradation of the crystal characteristic
OCCUTS.

On the other hand, crystals having a favorable character-
istic can be grown when the molar supply ratio of source
material 1s greater than 1. Conventionally, there was a need
to 1ncrease the source material molar supply ratio up to
approximately 16 when using arsine. According to the
present 1nvention, however, the amount of the arsenic-
containing group V source material to be supplied can be
reduced owing to the use of an organic group V compound
cgas. The characteristic of a nitrogen-containing group V
source material crystal, however, may deteriorate as the
source material molar supply ratio becomes greater than 10.
Therefore, according to the present invention, the molar
supply ratio of the arsenic-containing group V source mate-
rial to group III source material 1s preferably greater than 1
and less than or equal to 10.

Furthermore, according to the present invention, the pre-
ferred growth temperature 1s from 500° C. to 600° C.

In accordance with another aspect of the present
invention, the compound semiconductor device 1s provided
with a GaAs semiconductor substrate. On the GaAs semi-
conductor substrate, a sesmiconductor layer formed by incor-
porating nitrogen into a group III-V compound crystal
semiconductor and consisting of Ga,_ In. N As, |
(0<x=0.35, 0<y=0.15) and/or GaN As,_, (0<y=0.07) is
provided. The nitrogen concentration in this semiconductor
layer is kept at 5x10'® atoms/cm” or below.

In accordance with still another aspect of the present
invention, the method of manufacturing the compound semi-
conductor device 1nvolves first preparing a GaAs semicon-
ductor substrate. On the GaAs substrate, a semiconductor
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layer consisting of Ga,_,In. N As, , (0<x=0.35,
O<y=0.15) and/or GaN As,_, (0<y=0.15), formed by
incorporating nitrogen mnto a group III-V mixed crystal
semiconductor, and containing 5x10"® atoms/cm” or more of
hydrogen 1s formed. The semiconductor layer 1s heat treated
at a temperature from 800° C. to 1100° C. in a non-oxidizing
atmosphere, an arsenic-type gas atmosphere, a phosphorus-
type gas atmosphere, or in vacuum, thereby reducing the
concentration of hydrogen impurity within the semiconduc-
tor device.

In accordance with yet another aspect of the present
invention, the method of manufacturing the compound semi-
conductor device mvolves first preparing a GaAs semicon-
ductor substrate. On the GaAs substrate, a semiconductor
layer consisting of Ga,_,In, N As, , (0<x=0.35,
O<y=0.15) and/or GaN As,_, (0<y=0.15), formed by
incorporating nitrogen into a group III-V mixed crystal
semiconductor, and containing 5x10"® atoms/cm” or more of
hydrogen 1s formed. The semiconductor layer 1s heat treated
at a temperature in the range of 500° C. or above and below
800° C. 1in a non-oxidizing atmosphere, an arsenic-type gas
atmosphere, a phosphorus-type gas atmosphere, or in
vacuum, thereby breaking the bond between nitrogen and
hydrogen impurity within the semiconductor layer.

In accordance with a further aspect of the present
invention, the method of manufacturing the compound semi-
conductor device mvolves first preparing a GaAs semicon-
ductor substrate. On the GaAs semiconductor substrate, a
semiconductor layer consisting of Ga,_.In. N As,_ |
(0<x=0.35, 0<y=0.15) and/or GaN As,_  (0<y=0.07),
formed by incorporating nitrogen mto a group III-V mixed
crystal substrate, and having a hydrogen concentration kept
below 5x10™® atoms/cm” is formed. The semiconductor
layer is heat treated at a temperature of 500° C. or above and
below 1100° C. in a non-oxidizing atmosphere, an arsenic-
type gas atmosphere, a phosphorus-type gas atmosphere, or
in vacuum, thereby bringing about the improvement in
crystal and optical characteristics.

The foregoing and other objects, features, aspects and
advantages of the present invention will become more
apparent from the following detailed description of the
present 1nvention when taken i1n conjunction with the
accompanying drawings.

BRIEF DESCRIPTION OF THE DRAWINGS

FIG. 1A and FIG. 1B are cross sectional views of a
conventional semiconductor laser and a conventional light-
receiving diode which utilize Ga, q<In, (<N 1<AS, os.

FIG. 2 1s a cross sectional view showing an exemplary
conilguration of a vapor growth device for carrying out the
method of crystal growth for the compound semiconductor
according to the first embodiment.

FIG. 3 1s a graph 1illustrating a rocking curve obtained
from X-ray diffraction measurement of the Ga,  In, ,NAS
compound semiconductor crystal in the first embodiment.

FIG. 4 1s a graph showing the changes 1n the nitrogen
concentration within the GalnNAs-type semiconductor crys-
tal observed 1n relation to the changes in the molar supply
ratio of the nitrogen-containing group V source material to
the total group V source material.

FIG. 5 1s a graph showing the results of PL. measurements
of the Ga, 4sIn, ;\NAs compound semiconductor crystal at
room temperature obtained 1n the second example.

FIG. 6 1s a cross sectional view illustrating the configu-
ration of a quantum well structure obtained in the fourth
example.
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FIG. 7 1s a graph showing the correlation between the
hydrogen concentration and the optical characteristic of the

GalNAs thin film crystal.

FIG. 8 1s a graph showing the correlation between the
hydrogen concentration and the optical characteristic of the

GalnNAs thin film crystal.

FIG. 9 1s a graph showing the results of measured changes
in the absorption peak and the luminescence intensity
obtained when subjected to heat treatments performed under
various nitrogen atmospheres.

FIG. 10A 1s a cross sectional view of a semiconductor
device having a double-hetero structure for evaluating the
optical characteristic.

FIG. 10B 1s a cross sectional view of a semiconductor
device having a single-layer structure for evaluating the
electrical characteristic.

FIG. 11 1s a graph of the optical characteristic of GaNAs
after heat treatment representing the relation between the
concentrations of nitrogen and hydrogen.

FIG. 12 1s a graph of the optical characteristic of Galn-
NAs after heat treatment representing the relation between
the concentrations of nitrogen and hydrogen.

FIG. 13 1s a graph showing the temperature proiile of the
device structure subjected to reheating after the growth.

FIG. 14 1s a graph showing the changes in the temperature
and the time for heat treatment and in the gas supply
observed when the device structure 1s heat treated after the
orowth without experiencing a decrease 1n temperature.

DESCRIPTION OF THE PREFERRED
EMBODIMENTS

Embodiments of the present imnvention will be described
below 1n relation to the drawings.

First embodiment

FIG. 2 1s a cross sectional view showing an exemplary
conflguration of a vapor phase growth device for carrying
out the method of crystal growth for the compound semi-
conductor according to the first embodiment.

Although a horizontal reaction furnace is shown in the
accompanying drawing, a vertical reaction furnace can alter-
natively be used to realize the embodiment according to the
present mvention.

In FIG. 2, the vapor growth device 1s provided with a
stainless steel (SUS) chamber 1 for performing the vapor
orowth, a quartz flow channel 2 for supplying the source gas,
and an exhaust tube 3. A S1C-coated carbon susceptor 5 for
heating a substrate 4 1s arranged inside stainless steel
chamber 1. Beneath carbon susceptor §, a rotation device 51
for rotating substrate 4 during vapor growth 1s attached. A
thermocouple 6 for measuring the temperature of substrate
4 1s provided at the center portion of rotation device S1.

Using the vapor phase growth device thus constructed, the
crystal growth of a GaInNAs-type compound semiconductor
1s effected according to the embodiment of the present
imnvention, as described below.

First of all, substrate 4 1s mounted on carbon susceptor 3
provided 1inside stainless steel chamber 1. Preferably, a
GaAs substrate 1s used as substrate 4 so as to promote
epitaxial growth. Alternatively, a Ge substrate or an Si
substrate may also be used.

Next, substrate 4 1s heated up to a predetermined tem-
perature by applying a current to carbon susceptor 3.

Thereafter, a carrier gas and a source gas are 1ntroduced
into stainless steel chamber 1 through quartz flow channel 2.
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Hydrogen (H,) gas highly purified by a hydrogen puri-
fying device as well as nitrogen (N, ) gas also highly purified
by a purifying device or helium (He) gas can be used as the
carrier gas. The use of nitrogen (IN,) gas as the carrier gas
improves the mcorporation efficiency of N 1n the crystal.

Moreover, as a source gas, beside the group III source
material and the group V source material, p-type or n-type
dopant source gas may be used as needed. As group V source
materials, the arsenic-containing group V source material
including an organic group V compound gas such as tertiary-
butylarsine (TBAs) or trimethylarsenic (TMAs) and the
nitrogen-containing group V source material such as
monomethylhydrazine (MMHy) or dimethylhydrazine

(DMHy) are used. As a group III source material, triethyl-
gallium (TEG) or tlimethylindium ('TMI) is used.

The pressure mside stainless steel chamber 1 during vapor
orowth may be set at a reduced pressure or at atmospheric
pressure. Further, the exhaust gas produced from the reac-
tion 1s output from stainless chamber 1 through exhaust tube

3.
First Example

Using the vapor growth device shown 1n FIG. 2, the
orowth of a crystal of the compound semiconductor repre-
sented by Ga,__In N As,  (0<x<1, O<y<l) was effected as
described below.

GaAs was used for the substrate, and the pressure in
stainless steel chamber 1 was set at a reduced pressure of
one-tenth atmospheric pressure. Then, a predetermined
amount of triethylgallium (TEG) and a predetermined
amount of trimethylindium (TMI) were supplied so that the
concentration of indium (In) was x=0.1 in the crystal.
Hydrogen (H,) was used as the carrier gas.

When the molar supply ratio of arsenic-containing group
V source material to group IIl source material represented by
[TBAs /(| TEG ]+ TMI]) was set to 1, a broad X-ray diffrac-
tion peak having the half-width of 250 arcsec was observed,
exhibiting degradation in the crystalline characteristic.
When, however, the molar supply ratio of arsenic-containing
oroup V source material to group III source material repre-
sented by [TBAs /(| TEG ]+ TMI]) was set to be greater than

1, the halt-width was found to improve rapidly.

Then, 0.5 um of the GalnNAs-type compound semicon-
ductor crystal was grown at the temperature of 550° C., with
the molar supply ratio of arsenic-containing group V source
material to group III source material represented by [ TBAs]/
((TEG ]+ TMI]) set at 1.8, and with the molar supply ratio of
nitrogen-containing group V source material to the total
group V source material represented by [DMHy /(| DMHy |+
[TBAs]) set at 0.98.

FIG. 3 1s a graph 1llustrating a rocking curve thus obtained
from X-ray diffraction measurement of the GalnNAs-type
compound semiconductor crystal. In FIG. 3, the horizontal
axis represents 020 (deg.), whereas the vertical axis repre-
sents the X-ray diffraction intensity (a. u.).

As shown 1n FIG. 3, the peak half-width of the
Ga, oIn, ;NAs compound semiconductor crystal was found
to be 30 arcsec, which implied that a favorable crystalline
characteristic was obtained.

Moreover, the observation of the optical characteristic of
the crystal with different molar supply ratio of arsenic-
containing group V source material to group III source
material represented by [TBAsS]([TEG]+ TMI]) showed
that, as the molar supply ratio of arsenic-containing group V
source material to group III source material became greater
than 1, the half-width of photoluminescence (PL) spectrum
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was found to become smaller. On the other hand, when the
molar supply ratio of arsenic-containing group V source
material to group III source material represented by [ TBAs]/

(|ITEG ]+ TMI]) was made greater than 10, the changes in
the optical characteristic were no longer observed.

Next, the molar supply ratio of nitrogen-containing group
V source material to the total group V source material
represented by [DMHy|/([DMHy |4+ TBAs]) was altered to
observe the changes in the nitrogen (N,) concentration
within the produced crystal.

The results are shown 1n FIG. 4. In FIG. 4, the horizontal
axi1s represents the molar supply ratio of nitrogen-containing
ogroup V source material to the total group V source material,
while the vertical axis represents the concentration (%) of
nitrogen. The nitrogen concentration (%) was estimated
using SIMS (Secondary Ion Mass Spectroscopy).

As seen from FIG. 4, by changing the molar supply ratio
of nitrogen-containing group V source material to the total
oroup V source material, the growth of a GalnNAs-type
compound semiconductor crystal becomes possible while
controlling the nitrogen concentration as desired.

Second Example

The growth of the compound semiconductor crystal rep-
regented by Ga,_.In, N As,__ (O-CX-CI', O<y<l) was ¢ “jec?ed
using GaAs for the substrate, and with the pressure inside
stainless steel chamber 1 set at a reduced pressure of
one-tenth atmosphere.

Here, a predetermined amount of triethylgallium (TEG)
and a predetermined amount of trimethylindium (TMI) were
supplied so that the concentration of indium (In) was x=0.15
in the crystal. Hydrogen (H,) was used as the carrier gas.
The compound semiconductor crystal represented by
Ga, 5<In, <N, 1<AS, o5 and generally lattice matched to the
GaAs substrate was grown at the temperature of 530° C.,
with the molar supply ratio of arsenic-containing group V
source material to group III source material represented by
| TBAs /(| TEG |+ TMI]) set at 2, and with the molar supply
ratio of nitrogen-containing group V source material to the

total group V source material represented by [DMHy]/
(|DMHy [+[ TBAs]) set at 0.965.

FIG. 5 1s a graph showing the results of photolumines-
cence (PL) measurements at room temperature of the crystal
obtained. In FIG. 5, the horizontal axis represents the
wavelength (nm) and the horizontal axis represents the PL
light emission intensity (a. u.).

As seen from FIG. 5, light emission at the wavelength of
approximately 1.3 um was detected.

Next, taking advantage of the fact that the incorporation
efficiency of N 1nto the crystal 1s improved when nitrogen
(N,) is used as the carrier gas, the growth was effected using
nitrogen (IN,) as the carrier gas with the growth temperature
raised to 600° C. As a result, when setting the molar supply
rat1o of arsenic-containing group V source material to group
[II source material represented by [ TBAs]/(| TEG]+ TMI])
at 2, the compound semiconductor crystal represented by
Gq 551Ny <Ny 0sAS, o5 and generally lattice matched to the
GaAs substrate was successiully grown. The molar supply
ratio of nitrogen-containing group V source material to the

total group V source material represented by [DMHy]/
(|DMHy [+[| TBAs]) in this case was 0.98.

Third Example

Next, by using trimethylarsenic (TMAs) as the arsenic-
containing group V source material, the compound semi-
conductor crystal represented by Ga,_ In N As,_ (0<x<1,
O<y<1) was grown.
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First, a predetermined amount of triethylgallium (TEG)
and a predetermined amount of trimethylindium (TMI) were
supplied so that the concentration of indium (In) was x=0.1
in the crystal. Further, the molar supply ratio of arsenic-
containing group V source material to group III source
material represented by [ TMAS]/(| TEG +[ TMI]) was set at
2, and the molar supply ratio of nitrogen-containing group V
source material to the total group V source material repre-
sented by [DMHy |/([DMHy |+ TMAs]) was set at 0.98.
The growth temperature was set at 550° C., and the pressure
inside stainless steel chamber 1 was set at a reduced pressure
of one-tenth atmospheric pressure.

The mixed crystal ratio of the crystal thus obtained was
Ga, oIn, N, 02ASy o, and light emission at 1.2 um was
detected.

Fourth Example

In general, in a GalnNAs-type compound semiconductor
crystal, a crystal having an excellent optical characteristic
can be more easily obtained when the concentration of N
within the crystal 1s low. Thus, the GalInNAs-type compound
semiconductor crystal was grown by increasing the concen-
tration of In instead of lowering the concentration of N,
thereby producing a long-wavelength light-emitting device.

First, a predetermined amount of triethylgallium (TEG)
and a predetermined amount of trimethylindium (TMI) were
supplied so that the concentration of indium (In) was x=0.3
in the crystal. Hydrogen (H,) was used as the carrier gas.
Since a large indium (In) mixed crystal ratio within the
crystal leads to the difficulty in the incorporation of N, the
cgrowth temperature was set at 500° C., and the molar supply
ratio of nitrogen-containing group V source material to the
total group V source material represented by [DMHy]/
((DMHy [+[ TBAs]) was set at 0.985 in order to raise the
adsorption rate of N at the crystal growing surface.
Moreover, the molar supply ratio of arsenic-containing
ogroup V source material to group III source material repre-
sented by [TBAS]A(|TEG]+[TMI]) was set at 2, and the
pressure 1nside stainless steel chamber 1 was set at one-tenth
atmosphere.

In this manner, the quantum well structure as shown 1n
FIG. 6 was formed. First, on an n-type GaAs substrate, an
n-type GaAs bufler layer was grown at the temperature of
600° C. to a thickness of 0.3 um, and thereafter, a 1.5 um
thick n-type Al, ,Ga, As barrier layer was grown. Here,
tetracthylsilane (TeES1) was used as the n-type dopant
source material. Then, the growth temperature was lowered
to 500° C. during the growth of a 0.15 um undoped GaAs
spacer layer, and the compound semiconductor crystal rep-
resented by Ga, -In, N, o, AS, oo having a thickness of 60 A
was grown as a well layer. Further, the growth temperature
was raised back to 600° C. during the growth of a 0.15 um
thick undoped GaAs spacer layer, and a p-type Al, ,Ga, (As
barrier layer and a 0.2 um thick p-type GaAs contact layer
were grown. Diethylzinc (DEZn) was used as the p-type
dopant source material.

In the semiconductor multi-layer film having the quantum
well structure thus obtained, a p-type electrode was formed
on the p-type GaAs contact layer and an n-type electrode
was formed on the backside of the n-type GaAs substrate,
thereby forming a long-wavelength light-emitting device.

In this long-wavelength light-emitting device, the
GalnNAs-type compound semiconductor crystal forming
the well layer 1s distorted without being lattice matched to
the substrate. Since, however, the well layer has a thickness
thinner than the critical film thickness, a crystal with little
dislocation can be grown, permitting the formation of a
long-wavelength light-emitting device.
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In accordance with the present mnvention according to the
first embodiment, the use of an organic group V compound
oas as the arsenic-containing group V source material for the
orowth of a GaInNAs-type compound semiconductor allows
a more favorable crystal growth at a lower supply ratio of
arsenic-containing group V source material 1n comparison
with the conventional case in which arsine (AsH,) is used.
Therefore, the amount of waste that contains poisonous
arsenic (As) may be reduced, thereby effectively preventing
environmental pollution.

Second embodiment

FIGS. 7 and 8 are graphs of correlations between the
hydrogen concentration and the optical characteristic of the
produced Ga,_ In N As,  and GaN As,_, thin film crys-
tals for comparison.

FIG. 7 1s directed to GaNAs, whereas FIG. 8 1s directed
to Gaoy olng ;N As, . The graphs respectively show the
relations between the concentrations of hydrogen and nitro-
ogen as well as their respective optical characteristics. In the
oraphs, a circle indicates the sample having a luminescence
intensity suflicient for practical use, and a cross indicates the
sample having a low luminescence intensity and thus msui-
ficient for practical use. As a point of reference, the crystal
intensity of Y20 or more in comparison with the lumines-
cence 1ntensity of a Ga, ,<In, -<AsS, <,P, 4 crystal grown
on an InP substrate utilized for a laser diode at present was
chosen. The concentrations of hydrogen and nitrogen were
measured by secondary ion-mass spectroscopy (SIMS). In
the present specification, the intensity of GalnAsP taken as
a comparative example was set at 20, and the luminescence
intensitics of Ga,_ In. N As,_, and GaN As,_, thm film
crystals are represented accordingly. Thus, the luminescence
intensity of 1 or more 1s considered to be sufficient for
practical use.

In FIGS. 7 and 8, lines Al, A2, B1, B2, C1, C2 respec-
fively represent the relations between the nitrogen concen-
fration and the hydrogen concentration in the cases of
orowths at 530° C., 550° C., and 600° C. The tendency of the
concentration of hydrogen rising corresponding to the rise in
the concentration of nitrogen was noted. As seen from these
drawings, there 1s a need to keep the hydrogen concentration
at 5x10'® atoms/cm” or below in order to obtain from the
thin film crystal a luminescence intensity sufficient for
practical use.

The bond condition of hydrogen present within the Ga,_
«In, N As,  or GaN As, , thin film crystal having an
unfavorable luminescence characteristic was measured by
Fourier transform infrared spectroscopy (FT-IR). As an
example, the case of a sample produced by growing a 0.5 um
thick GalNg, ,,-AS; o055 Crystal on a GaAs substrate i1s
described below. The hydrogen concentration in this case
was 1.5x10'" atoms/cm”. It is to be noted that the example
of measurement of the GaNAs having the above-described
composition 1s only one of the several measurements con-
ducted.

A clearly defined absorption peak was observed in the
location with a wave number of 2950 cm™". This peak is
only observed when the nitrogen and the hydrogen within
the crystal are in an atomic bonding condition (i.e. when
N-H bonds are present).

The sample was heat treated 1in a nitrogen atmosphere at
temperatures of 500° C., 550° C., 600° C., 700° C., and 800°
C., and the changes 1n the absorption peak and the lumi-
nescence 1ntensity were measured accordingly. The results
are shown 1n FIG. 9.

As seen from FIG. 9, as the temperature rises, the absorp-
tion peak becomes smaller in comparison with the case
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without heat treatments. With the heat treatment at 700° C.,
the absorption peak 1s no longer observed. It 1s appreciated
that a sufficient luminescence intensity 1s obtained. In other
words, even with the hydrogen concentration being higher
than 5x10™® atoms/cm>, the atomic bonds between nitrogen
and hydrogen (or the N-H bonds) in the crystal can be
broken by heat treatment performed at a temperature in the
range of 500 to 800° C., resulting in a luminescence intensity
sufficient for practical use. Preferably, the gas atmosphere 1s
a non-oxidizing atmosphere such as that of hydrogen,
nitrogen, argon, or helium, an arsenic-type gas atmosphere
such as that of arsine, a phosphorus-type gas atmosphere
such as that of phosphine, or vacuum. The gas ambient may
be a mixture of the above gases. The duration of heat
treatment 1s preferably from 10 seconds to 24 hours. If the
uppermost layer of the compound semiconductor device 1s a
semiconductor containing arsenic such as GaAs, AlGaAs,
InGaAs or the like, 1t 1s desirable to perform heat treatment
1In an arsenic-type gas such as arsine, tertiary-butylarsine, or
the like 1n order to prevent the desorption of arsenic from the
surface. Similarly, 1f the uppermost layer 1s a semiconductor
containing phosphorus such as GalnP, AlGalnP, AllnP,
InGaAsP or the like, 1t 1s desirable to perform heat treatment
in a phosphorus-type gas such as phosphine, tertiary-
butylphosphine, or the like 1n order to prevent the desorption
of phosphorus from the surface.

It was discovered from SIMS analyses conducted after
heat treatment that, although it was possible to break the
bond between hydrogen and nitrogen, the concentration of
hydrogen could not be reduced. As a consequence, the high
concentration hydrogen within the crystal recouples with
nitrogen, thereby degrading the optical and electrical char-
acteristic once again. By effecting the heat treatment at a
temperature from 800° C. to 1100° C., the bond between
hydrogen and nitrogen in the Ga,;_ In. N As, _ or
GaN, As,_, thin film crystal can be broken, and hydrogen
can be removed from the crystal. Thus, a highly reliable
device may be produced. Preferably, the gas ambient 1s a

non-oxidizing atmosphere such as that of hydrogen,
nitrogen, argon, or helium, an arsenic-type gas atmosphere
such as that of arsine, a phosphorus-type gas atmosphere
such as that of phosphine, or vacuum. The gas atmosphere
may be a mixture of the above gases. The heat treatment 1s
carried out preferably for 10 seconds to 24 hours.

Heat treatment may be performed by reheating the multi-
layer structure after growing it inside the growth furnace and
cooling 1t down to room temperature. Alternatively, heat
treatment may be performed directly after the growth of the
multi-layer structure inside the growth furnace. By perform-
ing heat treatment inside the growth furnace, a highly
reliable semiconductor device may be effectively and 1nex-
pensively formed.

In addition, smce Ga;_ In_ N As,_ and GaN As,_  arc
compound crystal semiconductors composed of elements
having atomic radu which vary greatly from one another, 1t
1s extremely difficult to obtain a crystal of a uniform
composition.

The atomic radii of group III elements and group V
clements are shown 1n Table 5.
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TABLE 5

Comparison of atomic radii

Group III Atomic Radius Group V Atomic Radius
Element (A) Element (A)
Al 1.230 N 0.719
Ga 1.225 P 1.128
In 1.405 As 1.225

As shown 1n Table 5, the atomic radi1 of other group III
clements and group V elements vary greatly from the atomic
radius of nitrogen. The atomic radius of indium 1s approxi-

mately twice that of nitrogen. When growing a mixed crystal
semiconductor from atoms having a different atomic radius,

partial distortion occurs. It 1s therefore difficult to form a
oood quality crystal. This 1s a problem originating in the
combination of the material being used. In other words, it 1s
a problem inherent in the nitride material of the present
invention. Even with the hydrogen concentration of 5x10*°
atoms/cm” or below, heat treatment at a temperature of 500°
C. to 1100° C. improves the crystalline characteristic, mak-
ing it possible to form a device having a favorable charac-
teristic.

According to the compound semiconductor device 1n
accordance with the second embodiment, the optical device

or the electronic device sufficient for practical use having a
Ga,_ In N As,  or GaN As,_, crystal of high optical and

—X X

clectrical characteristics containing only a small amount of
hydrogen impurity is obtained. Here, the concentration of
hydrogen impurity sufficient for practical use is 5x10'%
atoms/cm” or below.

Further, an optical device having favorable electrical and
optical characteristics may be obtained by the heat treatment
which breaks the nitrogen-hydrogen bonds or by the heat
treatment which decreases the nitrogen concentration that
permits the improvement 1n the quality of the crystal even
with a large amount of hydrogen impurity being present.

Moreover, a favorable crystal may be obtained, even with
a small amount of hydrogen impurity being present, by heat
treatment which solves the inherent problems of a nitride
crystal.

Furthermore, by performing heat treatment directly after
the crystal growth, the mass-production of the device
becomes possible while the time and energy involved 1n the
crystal growth are advantageously reduced.

Fifth Example

A quartz horizontal reaction furnace and a semi-insulating
GaAs (001) substrate was used for the growth. Triethylgal-
lium (TEG) or trimethylindium (TMI) was used as the group
III Ga or In source material, respectively. Dimethylhydra-
zine (DMHy), tertiary-butylarsine (TBAs), or tertiary-
butylphosphine (TBP) was used as the group V N, As, or P
source material. Hydrogen was used as the carrier gas. The
pressure inside the growth furnace was set at 76 Torr. The
ogrowth temperature was varied at three levels: 530° C., 550°
C., and 600° C.

A Ga, oIn, N, 03sAS, o< Crystal lattice matched on the
GaAs (001) substrate was obtained with the following
conditions. By fixing the [TBAs]/(|TEG]+ TMI]) molar
supply ratio at 1.8, at growth temperatures of 530° C., 550°
C., and 600° C., and by setting the [ DMHy|/(|DMHy |+
| TBAs]) molar supply ratio at 0.98, 0.982, and 0.985
respectively, the crystal was lattice matched on the GaAs
(001) substrate. In addition, the nitrogen concentration was
controlled by increasing or decreasing the above molar
supply ratio at each growth temperature.
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A Ga, q<In, {<Nj 553AS, o4~ Crystal having a higher In
concentration and lattice matched on the GaAs (001) sub-
strate was obtained with the fixed [TBAs]/(| TEG]+ TMI])
molar supply ratio of 2 at growth temperatures of 530° C.,
and 600° C. and by setting the [DMHy J([DMHy ]+ TBAs])
molar supply ratio at 0.984 for 530° C. and 0.987 for 600°

C., respectively. The results are not shown 1n FIGS. 7, §, 11
and 12.

Next, the method of growing a GaNAs crystal will be
described below. The [ TBAs]/| TEG] molar supply ratio was

fixed at 5, and the [ DMHy |[/({ DMHy ]+ TBAs]) molar sup-
ply ratio was varied in the range of 0.256 to 0.9 correspond-

ing to the concentration of nitrogen. The three levels of
crowth temperatures, 530° C., 550° C., and 600° C., were

used.
The actual device structures formed are shown 1n FIGS.

10A and 10B. FIG. 10A 1s a diagram showing the double-
hetero structure for evaluating the optical characteristic, and
FIG. 10B 1s a diagram showing the single-layer structure for
evaluating the electrical characteristic.

For the measurement of the optical characteristic, the
double-hetero structure (DH structure), which is a simplified
form of a semiconductor laser structure, shown 1n FIG. 10A
consisting of a GalInNAs or GaNAs thin film crystal sand-
wiched by GaAs layers was used. With this structure, the
changes 1n the optical characteristic were observed by
measuring the intensity of luminescence. A simplified struc-
ture was used because, with the actual laser structure as the
one shown 1 FIG. 1, the layers which sandwich the crystal
and are made of different material species from that of the
crystal will scatter and absorb the luminescence from the
GalnNAs or GaNAs crystal, which makes i1t impossible for
accurate measurements to be performed.

The thickness of the GalnNAs or GalNAs layer was made
to be 500 nm, while the GaAs layers above and below the
GalnNAs or GaNAs layer was made to be 100 nm thick.
Moreover, for the measurement of the electrical
characteristic, the GalnNAs or GaNAs thin film crystal
single layer shown 1n FIG. 10B, which 1s a stmplified form
of a light-receiving diode, was used. The simplified form
was used because, with the actual structure 1n which a p-type
layer and an n-type layer form a junction, the changes 1n the
characteristic of other layers would be measured as well. For
the measurement, the so-called hole measuring method was
used at room temperature. The thickness of the GalnNAs or
GalNAs layer was made to be 500 nm.

The luminescence intensity of the produced sample was
measured by directing light having a wavelength of 514 nm
generated by an argon laser, and thereby evaluating the
intensity of luminescence emitted from the crystal by means
of a detector made of germanium. For the SIMS analysis of
the impurity concentration, cesium 1ons were implanted into
the sample, and the sputtered hydrogen negative ions (H™)
were detected. The absolute temperature was calculated by
making a comparison with the As 1ons detected at the same
time. The correction of the measurement system was care-
fully performed using the correction sample which was
made by implanting N 1ons produced separately into the
GaAs thin film.

As seen from FIGS. 7 and 8 described with reference to
the second embodiment, when the growth was effected at
600° C. with GaNAs, the nitrogen concentration was varied
in the range of 1.8x10" to 1.5x10°", while the hydrogen
concentration showed a low concentration in the range of
2.9x10"" to 1.1x10"°. The intensity for InGaAsP being 20,
the luminescence intensity of GaNAs was 2.3 to 2.6, which
implies that the luminescence intensity sufficient for prac-
tical use was obtained at all nitrogen concentration levels.
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On the other hand, at 530° C., there is a strong correlation
between the concentration of hydrogen and the lumines-
cence 1ntensity. With a low concentration of nitrogen in the
range of 1.8x10"” to 1.0x107", the -hydrogen concentration
was in the range of 3.8x10"" to 2.7x10'%, and the lumines-
cence 1ntensity was 1n the range of 1.8 to 14. With a high
concentration of nitrogen in the range of 1.9x10°° to 5.5x
10°°, however, the hydrogen concentration was in the range
of 5.9x10"% to 1.9x10"°, and the luminescence intensity was
in the low range of 0.09 to 0.87, which 1s insufficient for
practical use.

When GalnNAs 1s grown with the composition of
Gag, oIn, {Nj 025AS, 065, at the growth temperatures of 530°
C., 550° C. and 600° C. and with the nitrogen concentration
of 7.2x10°°, the respective concentrations of hydrogen are
6.2x10"°, 8.9x10"", and 8.2x10"’, and their respective lumi-
nescence intensity are 0 (below detection limit), 0, and 2.4.
Thus, the luminescence intensity sufficient for practical use
is only obtained at a hydrogen concentration of 5x10'® or
below.

Sixth Example

Using the growth method described with reference to the
first example, at the temperature of 530° C., the concentra-

tion of hydrogen within the crystals for either the cases of
Ga,_,In N As,  orGaN As,_  becomes5 x10'® atoms/cm”
or more (see FIGS. 7 and 8).

After growing the structure described 1n the fifth example
under these conditions, the structure was reheated under the
following conditions. Thereafter, the optical and electrical
characteristics were measured.

In this heat treatment, an SiN film was grown to the
thickness of 100 nm by plasma CVD (Chemical Vapor
Deposition) to prevent the evaporation of As from the
surface. The SIN film was removed by a 5% hydrofluoric
acid after the heat treatment.

The above structure was heat treated n a hydrogen
atmosphere at 76 Torr. A quartz heating furnace was used for
the heat treatment. The example 1n which a GaN, ,;-,ASq os5
sample was heat treated will be described below. Ten levels
of heat treatment temperature used 1n the examples were
300° C., 500° C., 600° C., 650° C., 700° C., 750° C., 800°
C., 850° C., 900° C., and 1100° C. The temperature is raised
at the rate of 80° C. per minute from room temperature up
to the maximum temperature to be reached. After reaching
the heat treatment temperature, the temperature 1s main-
tained for 10 minutes. Then, the temperature 1s allowed to
decline to room temperature at the rate of 80° C. per minute.

Table 6 shows the 1ntensity of luminescence in relation to
the heat treatment temperature.

TABLE 6

Relation between hydrogen composition and luminescence intensity
with respect to heat treatment temperature of GaNg g1,ASp.08e grown at
530° C. (measured at room temperature)

Heat Treatment  Luminescence Intensity Hydrogen Concentration

Temperature (Arbitrary Unit) (atom/cm”)
not heat treated 0.52 1.2 x 10%
300° C. 0.89 1.3 x 10%°
500° C. 1.62 1.2 x 10"
600° C. 8.53 1.2 x 10*
650° C. 13.27 1.1 x 10%°
700° C. 18.7 1.2 x 10%*°
750° C. 18.3 1.0 x 10"
S00° C. 17.3 9.2 x 10'®
850° C. 17.0 1.2 x 10t
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TABLE 6-continued

Relation between hydrogen composition and luminescence intensity
with respect to heat treatment temperature of GaN 5,,ASq gee Erown at
530° C. (measured at room temperature)

Heat Treatment  Luminescence Intensity Hydrogen Concentration

Temperature (Arbitrary Unit) (atom/cm?)
900° C. 16.8 2.0 x 10"’
1100° C. 15.2 2.1 x 107

In comparison with the case of no treatment, from the
luminescence intensity improves as the heat treatment tem-
perature increases from 300° C. or above to 700° C. or
below. Although the luminescence intensity decreases at a
temperature above 700° C., the intensity is still higher than
in the case of no treatment.

As described with reference to the embodiments, FIG. 9
shows the changes in the luminescence intensity and the
hydrogen-nitrogen bonds within the sample. With the heat
treatment of 700° C., it is seen that the hydrogen-nitrogen
bonds are completely broken, and the luminescence inten-
sity suflicient for practical use 1s obtained. As seen from
Table 6, the hydrogen concentration 1s not lowered through
the heat treatment of 700° C., but requires a heat treatment
temperature of 800° C. or above.

Next, the two samples of GaNAs and GalnNAs were heat
treated at 700° C., at which the luminescence intensity was
the highest 1n the above experiment. The duration of heat
freatment was varied from 10 seconds to 2 hours.

The results are shown 1n Table 7.

TABLE 7

Relation between luminescence intensity with respect to heat treatment
duration at 700° C. of GaNp q1,AS8 0se and Gag olng (N 035480 065
orown at 5307 C. (measured at room temperature)

(GalNAs
Luminescence Intensity

GalnNAs
[uminescence Intensity

Duration (Arbitrary Unit) (Arbitrary Unit)
not heat treated 0.52 0
10 seconds 17.2 18.1
30 seconds 17.8 18.7
1 minute 18.1 19.1
10 minutes 18.7 19.3
120 minutes 18.9 19.5

Here, the same sample was repeatedly heat treated. The
duration of heat treatment represented on the horizontal axis
1s the cumulative time at the temperature to be reached. A
rapid thermal annealing (RTA) device, which allows rapid
heating, was used. The heat treatment was performed 1n a
nitrogen atmosphere at 760 Torr.

As seen from Table 7, a luminescence intensity sufficient
for practical use was obtained after 10 seconds of heat
treatment. It was found that as the time for heat treatment
was 1ncreased, the luminescence intensity also increased.

Those samples whose luminescence intensities were
evaluated as insufficient for practical use by the relation
between the luminescence intensity and the nitrogen con-
centration described 1n relation to FIGS. 7 and 8 were heat
treated at 700° C. As a result, as shown in FIGS. 11 (GaNAs)
and 12 (GalnNAs), their respective luminescence intensities
were 1mproved, resulting 1n a characteristic sufficient for
practical use.

Table 8 shows the changes 1n the specific resistance 1n
relation to the heat treatment temperature.
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TABLE 8

Changes 1n specific resistance with regard to heat treatment
temperature of Gag oIng 1Ny 03548 0gs grown at 5307 C. (measured at room
temperature)

Heat Treatment Specific Resistance

Temperature (Qcm)
not heat treated (*)
300° C. (*)
500° C. 19.8
600° C. 10.7
700" C. 3.1
800" C. 7.9
900" C. 7.9
1000° C. 8.1
1100° C. 8.2

(*) indicates that specific resistance is larger than 400 Q2cm, which cannot
be measured.

The measured sample was Ga, oIng N 435ASy 05. From
300° C. to 800° C., the specific resistance decreased as the

temperature to be reached was raised. In the temperature
range of above 800° C. and below 1100° C., the specific
resistance became generally constant as the temperature
increased.

Seventh Example

This example relates to heat treatment within a growth
furnace.

Using the growth method described with reference to the
fifth example, at the growth temperature of 530° C. as in the
sixth example, the GaN, ,,,-AS, og5s and
Ga, oIng Ny 535AS, o5 DH structures were grown. A sufli-
cient luminescence characteristic 1s not obtained without
heat treatment. Thus, heat treatment was performed after the
orowth of the DH structures without lowering the tempera-
ture.

FIG. 13 shows the temperature profile of the device
structure subjected to reheating after the growth.

FIG. 14 shows the observed changes 1n the temperature
and the time for heat treatment and 1n the gas supply when
the device structure 1s heat treated after the growth without
experiencing a decrease 1n temperature. When the DH
structure was grown, hydrogen, TMG and TBAs gases were
supplied to the sample 1n order to allow the growth of the
uppermost GaAs layer. In order to prevent the desorption of
As during heat treatment, only hydrogen and TBAs were
supplied when the temperature was changed. Heat treatment
was performed at temperatures of 700° C. and 900° C. After
maintaining the heat treatment temperature for 10 minutes,
the temperature was lowered to room temperature. During
the cool down, the supply of TBAs was terminated at 300°
C.

The luminescence intensity was measured after the heat
treatment. The results are shown 1n Table 9.

TABLE 9

Relation between hydrogen concentration and luminescence intensity
with or without heat treatment after growth of Gagglng {Ng g3sASg gss

at 530" C.
Heat Treatment Luminescence Hydrogen
Temperature [ntensity Concentration
not heat treated 0 1.2 x 10%
700" C. 19.3 9.2 x 101®
900" C. 17.2 2.1 x 10/

As 15 apparent from Table 9, it was discovered that the
luminescence intensity suflicient for practical use was
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obtained. The results of SIMS are also shown 1n Table 9. At
700° C., although no significant decrease in the hydrogen
concentration was observed, an 1improvement 1n the lumi-
nescence intensity was observed. At 700° C., infrared
absorption due to the hydrogen-nitrogen bonding was 0. At
900° C., the hydrogen concentration was reduced by at least
one order of magnitude, and the luminescence intensity was
also 1mproved.

Eighth Example

The eighth example relates to the heat treatment of a
structure having a low hydrogen concentration. Using the
orowth method described with reference to the fifth
example, at the temperature of 600° C., the GaN, ,-AS; 955
and Gag, oIn, Nj 035AS, 065 DH structures were grown. A
sufficient luminescence characteristic 1s obtained without
heat treatment. Nonetheless, heat treatment was performed
to improve the crystalline characteristic. As was already
confirmed from the {fifth example, with these growth
conditions, the hydrogen concentration in this case was
5x10"® atoms or below.

Heat treatment of the DH structure was pertormed 1n the
hydrogen atmosphere using the heat treatment described in

relation to the sixth example. The results are shown 1n Table
10.

TABLE 10

Changes 1in luminescence half-width of GaNg g;,AS8q gge and
Ga, olng (Np 03sASg o5 heat treated after growth at 600° C.
(half-width in nm)

LLuminescence Luminescence

Heat Treatment Halt-Width Halt-Width

Temperature (GalNAs GalnNAs
not heat treated 50.2 62.8
500° C. 49 .8 534
700° C. 41.2 44.2
S00° C. 42.6 42.1
900" C. 34.1 40.4
1100° C. 30.9 38.1

As seen 1n Table 10, the five levels of heat treatment
temperatures adopted were 500° C., 700° C., 800° C., 900°
C., and 1100° C. At each of these temperatures, no signifi-
cant changes 1 the luminescence intensity were observed.
As the temperatures were increased, however, the lumines-
cence 1ntensity half-width was found to become smaller.

A similar heat treatment was performed directly after the
orowth of the DH structure without lowering the tempera-
ture. After growing the DH structure using the growth
method described 1n relation to the fifth example, heat
treatment was performed using the gas supply method and

the temperatures used in the seventh example, 1.e. 700° C.
and 900° C. The results are shown in Table 11.

TABLE 11

Changes 1in luminescence half-width of GaNg g1,AS8q gge and
Gag olng {No.o3sASg ass heat treated after growth at 600° C. without lowering
temperature (half-width in nm)

LLuminescence LLuminescence
Heat Treatment Half-Width Half-Width
Temperature (GaNAs GalnNAs
not heat treated 50.2 62.8
700° C. 45 .4 45.9
900° C. 36.2 43.3

As 15 apparent from Table 11, 1n either case, the lumines-
cence 1ntensity half-width was found to become smaller. It
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1s considered that this 1s due to the improvement 1n the
crystalline characteristic brought about by heat treatment.
Thus, a laser diode having a higher reliability can be formed.

As will be apparent from the above description, the
advantages of the present invention according to the second
embodiment 1include the improvements 1n the light-emitting
characteristic and the performance reliability of a light-
emitting device, and 1n the light-receiving sensitivity and the
performance reliability of a light-receiving device.

Although the present invention has been described and
illustrated 1n detail, 1t 1s clearly understood that the same 1s
by way of illustration and example only and is not to be
taken by way of limitation, the spirit and scope of the present
invention being limited only by the terms of the appended
claims.

What 1s claimed 1s:

1. A compound semiconductor device, comprising:

a GaAs semiconductor substrate; and

a semiconductor layer that 1s provided on said GaAs
semiconductor substrate, that consists essentially of
Ga,_ In. N As;, , (0<x=0.35, O<y=0.15) and/or
GaN As,_, (0<y=0.07) together with hydrogen, and
that 1s formed on said substrate by incorporating nitro-
gen mto a group III-V mixed crystal semiconductor,
whereln

a hydrogen concentration of said hydrogen in said semi-

conductor layer is not greater than 5x10™® atoms/cm”.

2. Amethod of manufacturing a compound semiconductor
device, comprising the steps of:

preparing a GaAs semiconductor substrate;

forming on said GaAs semiconductor substrate a semi-
conductor layer consisting of Ga,_ In N As, |
(0<x=0.35; 0<y=0.15) and/or GaN,As, _, (O<y"‘:0 07)
together w1th hydrogen, said layer bemng formed by
incorporating nitrogen 1nto a group I1-V mixed crystal
semiconductor, and said layer including at least 5x10™°
atoms/cm™; and

heat treating said semiconductor layer at a temperature
from 800° C. to 1100° C. in a gas atmosphere com-
prising at least one gas selected from the group con-
sisting of arsenic-containing gases and phosphorous-
containing gases to reduce a concentration of said
hydrogen 1n said semiconductor layer.

3. Amethod of manufacturing a compound semiconductor

device, comprising the steps of:

preparing a GaAs semiconductor substrate;

forming on said GaAs semiconductor substrate a semi-
conductor layer consisting of Ga,_ In N As, |

(0<x=0.35; 0<y=0.15) and/or GaN, As, (O<y"‘:0 07)
together with hydrogen, said layer bemg formed by
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Incorporating nitrogen into a group III-V mixed crystal
semiconductor, and said layer including at least 5x10'°
atoms/cm” of said hydrogen with at least some of said
hydrogen bonded to at least some of said nitrogen; and

heat treating said semiconductor layer at a temperature 1n
a range from 500° C. to below 800° C. in a gas
atmosphere comprising at least one gas selected from
the group consisting of arsenic-containing gases and
phosphorous-containing gases, to break bonds between
said nitrogen and said hydrogen 1n said semiconductor

layer.
4. The method of manufacturing a compound semicon-

ductor device according to claim 2, wherein said step of heat
treating 1s performed directly after said step of forming said
semiconductor layer on said substrate without lowering a
temperature used during said forming.

5. The method of manufacturing a compound semicon-
ductor device according to claim 3, wherein said step of heat
treating 1s performed directly after said step of forming said
GaAs semiconductor substrate on said semiconductor layer
without lowering a temperature used during said forming.

6. A method of manufacturing a compound semiconductor
device, comprising the steps of:

preparing a GaAs semiconductor substrate;

forming on said GaAs semiconductor substrate a semi-
conductor layer consisting of Ga;_.In N As, |
(0<x=0.35; 0<y=0.15) and/or GaN As, _, (O-z:y‘:O 07)
and less than 5x10"® atoms/cm” of hydrogen and being,
formed by incorporating nitrogen mnto a group II-V
mixed crystal semiconductor; and

heat treating said semiconductor layer at a temperature 1n
a range from 500° C. to 1100° C. in a gas atmosphere
comprising at least one gas selected from the group
consisting of arsenic-containing gases and
phosphorous-containing gases, to 1improve crystal and
optical characteristics of said semiconductor layer.

7. The method of manufacturing a compound semicon-
ductor device according to claim 6, wherein said step of heat
treating 1s performed directly after said step of forming said
semiconductor layer on said GaAs semiconductor substrate
without lowering a temperature used during said forming.

8. The method of manufacturing a compound semicon-
ductor device according to claim 6, further comprising
providing a group III source material, an arsenic-containing,
ogroup V source material, and a nitrogen-containing group V
source material for carrying out said forming of said semi-
conductor layer, and providing nitrogen gas as a carrier gas
for carrying said source materials.
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